Patient recruitment is one of the most important barriers to successful completion of clinical trials and thus to obtaining evidence about new methods for prevention, diagnostics and treatment. The reason is that recruitment is effort consuming. It requires the identification of candidate patients for the trial (the population under study), and verifying for each patient whether the eligibility criteria are met. The work we describe in this paper aims to support the comparison of population under study in different trials, and the design of eligibility criteria for new trials. We do this by introducing structured eligibility criteria, that enhance reuse of criteria across trials. We developed a method that allows for automated structuring of criteria from text. Additionally, structured eiligibility criteria allow us to propose suggestions for relaxation of criteria to remove potentially unnecessarily restrictive conditions. We thereby increase the recruitment potential and generazability of a trial.
Introduction
Clinical trials provide evidence needed to determine the effectiveness of new treatment methods in medicine. The successful completion of a trial and translation of the research to clinical practice depends, amongst others, on a proper trial design and the recruitment of a sufficient number of patients to participate in the trial. This patient recruitment is effort consuming, it requires verifying whether each candidate satisfies all eligibility criteria of the trial. Low participation rates can lead to a trial delay or even failure [1, 2, 3] . The National Cancer Institute [4] indicates that low participation is not always caused by too limited a number of potential patients: "[There are] far too many exclusion criteria in the current clinical trials system. Potential enrollees are disqualified for seemingly arbitrary reasons from trials for which they would otherwise qualify" [5] . [6] describes the consequences of over restrictive criteria: "limitations on generalizability, failure to mimic clinic practise, increased complexity, increased costs, decreased accrual".
The problems introduced above may be alleviated by applications that support both the design of trials, as well as patient recruitment itself. Some studies have addressed the task of supporting the verification of patient eligibility [7] . However, little attention has been devoted to supporting the design of eligibility criteria. The main purpose of the study reported here is to address this issue and provide assistance for the comparison of populations under study in different trials and for the definition of criteria for new studies.
We do this by introducing structured eligibility criteria. The advantage of a more structured representation of these eligibility criteria is that it enhances the potential for reuse of criteria across trials, as well as the meta analysis of criteria. Furthermore, we show that structured criteria can be used to increase the recruitment numbers and generazability of results.
We describe our methods by means of an example: a corpus 300 clinical trials related to breast cancer. We present a library of structured and correlated criteria, generated automatically from this corpus. The procedure for generating this library was first described in a conference proceeding publication [8] . In this paper we give a more detailed description of 1) the method used to automatically correlate eligibility criteria and 2) the library model. We furthermore introduce: 3) an interactive visualization of the library that enables exploratory search and meta analysis, 4) an evaluation of MetaMap [9] and the algorithm correlating the criteria, 5) an analysis of the feasibility of our method for criteria relaxation performed with a domain expert and finally 6) the Web application that allows interaction with the library, as well as a download of the library itself. This paper is organized as follows. The next section describes our methods: (1) a method for interpreting eligibility criteria by first formalizing the meaning of the criteria and then comparing their restrictiveness, (2) a model for the library of criteria and the procedure for populating it, (3) visualization of the results, (4) an evaluation of MetaMap [9] and the algorithms and analysis of feasibility of the approach for criteria design and relaxation. Section 3 presents a quantified overview of the library contents, visualization of concepts and criteria and evaluation of the methods. Section 4 discusses the results and ideas for future work. Related work is described in section 5, the last section contains conclusions.
Materials and Methods
This section describes our method for building a library of structured eligibility criteria ( Figure 1 ). It also gives details on the model we use for entries in the library and our methods for visualizing and analyzing the results.
Interpreting Eligibility Criteria
Our aim is to enable the comparison of the populations under study between different trials, the reuse of structured representations of eligibility criteria and automatically suggesting more relaxed criteria. Our claim is that by formalizing the eligibility criteria of a large corpus of clinical trials we can create a sufficiently rich library to fullfill these tasks. Our method relies on:
1. Extracting eligibility criteria from a text corpus of publicly available clinical trials, and splitting the sentences;
2. Formalizing the criteria by detecting contextual patterns and semantic entities;
3. Comparing the criteria to determine relaxing relations, e.g. determine for two similar criteria which criterion is more strict.
4. Populating the library with eligibility criteria Figure 1 : The pipeline of processing steps of eligibility criteria The method was initially described in our previous work [8] , here, we briefly sketch it for the explenatory purpose and to provide the context.
Extracting and Formalizing Eligibility Criteria
Formalizing eligibility criteria requires several steps, depicted in Figure 1 . We start with the pre-processing of criteria, delimiting the sentences using GATE [10] , the open source framework for text processing. Next, whenever possible, we recognize the domain of the criteria, e.g. "Age", "Cardiovascular", "Chemotherapy" etc. We then follow the two main steps of criteria formalization: detecting patterns and detecting semantic entities.
First, we recognize the general meaning of a criterion, by detecting the patterns that provide the contextual information about semantic entities mentioned in the criterion. The set of patterns as well as our pattern detection algorithm is described in detail in our previous work [11, 12] . The patterns were manually defined after analyzing eligibility criteria published at ClinicalTrials.gov. The set contains 165 items that reflect typically occurring patient data constraints. The patterns cover criteria related to patient characteristics (e.g. "Age over ()"), disease characteristics (e.g. "T () stage") and prior and concurrent therapies (e.g. "No concurrent () except for ()"). Defined patterns correspond both to simple and complex criteria according to the definition of Ross et al [13] . The pattern detection algorithm is based on regular expressions. From the patterns detected in a sentence we choose those that capture the longest phrases and recursively search for the nested ones.
The set of defined patterns can be found in Appendix A. The annotated and classified patterns together with the corresponding regular expressions can be downloaded at Figshare 1 . The patterns detected in a sentence provide the context in which semantic entities occur. Semantic entities are concepts such as diseases, treatments, lab measurements, constraints on value or temporal constraints. We detect these entities using state of the art tools such as GATE, which provides a library of semantic taggers, and MetaMap, a UMLS [14] ontology annotator. The text processing workflow consists of a tokenizer, a sentence splitter, and taggers for numbers, measurements and MetaMap, wrapped in our application using the GATE API. A result of the MetaMap annotation is metadata about identified concepts (or a list of candidates), the UMLS concept id, its preferred name, semantic type (ST), score of mapping, and a list of ontologies covered by UMLS that specify the concept. The measurement plugin, based on GNU Units [15] , recognizes the measurements, including value, unit and dimension, and additionally normalizes the values according to the standard units. Recognition of mentioned entities enables the interpretation of criteria meaning and processing of normalized representations (terms identified in the text can be replaced by unique UMLS identifiers, measurements by normalized values and units).
Listing 2 illustrates the result of criteria processing. In criterion "Has received chemotherapy within the past 14 days" the program first detects the pattern "History of () within ()", then the UMLS concept "chemotherapy", and finally the time constraint "14 days" which is normalized to seconds.
Comparing Eligibility Criteria
By structuring eligibility criteria, we create the basis for automated mining of criteria content. Our aim is to determine correlations between concrete eligibility criteria. This allows us to assist trial designers by proposing alter-Criterion: Has received chemotherapy within the past 14 days Pattern: History of () within () Concept:
<MetaMap ConceptId="C0013216" PreferredName="Pharmacotherapy" Score="-1000" ConceptName="Chemotherapy"> chemotherapy </MetaMap> Temporal constraint: <Measurement unit="day" normalized="1209600 s" value="14" normalizedValue="1209600" normalizedUnit="s"> 14 </Measurement> native, less restrictive, and potentially relevant criteria. Criterion relaxation is often the only way to increase the size of the pool of candidate patients.
This section describes how we make use of the context patterns, ontology concepts and value constraints in the comparison of criteria. We do this in three main steps, for every pair of structured criteria, we:
1. check if criteria are comparable; and 2. if so, check which of the two criteria is more strict; and 3. store the relation between the criteria.
Each of these steps is described in more detail below.
Definition of criteria comparability. Two criteria are comparable if they correspond to the same or correlated pattern and have the same subject. This requires that both criteria can be mapped to a single pattern and that each pattern indicates which argument is the subject. We can then compare the criteria either directly, if they match the same pattern, or indirectly if the matched patterns are related:
Comparing based on the same pattern Comparison of criteria that have the same subject with respect to their value or temporal constraints.
For instance, the criterion "At least 1 week since prior hormonal therapy" is classified as less strict than "At least 4 weeks since prior hormonal therapy" because the criteria match the same pattern "At least () since prior ()" and the same subject "Hormonal therapy" and the first temporal constraint is stronger. The comparison is possible when the values have the same normalized unit identified by MetaMap.
Comparing based on related patterns To compare criteria with different syntax we defined another strategy. We have predefined relations between some patterns (canRelax, canBeRelaxedBy), indicating which patterns are comparable. These relations express the possibility that corresponding criteria can be in the relation isMoreRelaxed/isMoreStrict, when they are instantiated with the same subject. The relations canRelax/canBeRelaxedBy between the patterns are based on:
• Explicitly stated exceptions e.g.: "No prior ()" can be relaxed by:
"No prior () unless ()" or "No prior () except for ()"
• Specified value constraints: temporal, confirmation, number of occurrences. The constraints relax or restrict the primary pattern depending on the context (Time independent status). For example:
-"History of () within ()" or "History of () confirmed by ()"
can be relaxed by: "History of ()", because the latter requires the presence of the event at any point in time, and does not restrict the evidence type.
In total we defined 36 canRelax/canBeRelaxedBy relations between the patterns, indicating that the corresponding eligibility criteria can be correlated by an isMoreStrict/isMoreRelaxed relation. Table 1 presents three examples that illustrate the procedure. In first and second case, criteria can be compared based on the detected patterns and main subject. In the last case, criteria refer to different treatments, and are therefore not compared.
Using this procedure for formalizing and comparing eligibility criteria, we processed inclusion and exclusion criteria from a corpus of 300 randomly selected clinical trials from ClinicalTrials.gov, and used the outcome to populate a library of eligibility criteria.
Model of the Library
This section describes the underlying model of the library of eligibility criteria. The model is designed to capture the information most central to the eligibility criteria. The library is modeled as an OWL ontology to enhance semantic reasoning and querying. properties of hasContent and hasValue properties (e.g. hasExclusion, hasEndTimeConstraint). Each Concept is identified by a UMLS id (hasConceptId), a semantic type and the source ontology. The inverse of the hasContent property, occurrsIn, allows us to link concepts and patterns to the source they were found in.
Finally, the model explicitly defines transitive relations between the patterns (canRelax/canBeRelaxedBy), and concrete criteria (isMoreRelaxed/isMoreStrict). The pattern At least () since prior () can be used to relax a criterion that uses the pattern No prior (). The actual criteria and extracted data are represented as individuals (e.g. the prior individual in Figure 3 ).
Representing the library as an OWL ontology enables us to share, extend and link it to other sources. The full lists of classes, and properties are displayed in Figure 4 . 
Populating the Library
Clinical trials that were used to build the library of criteria come from the ClinicalTrials.gov repository, a service of the U. S. National Institute of Health, containing data about clinical trials conducted worldwide. We focused on clinical trials related to breast cancer and processed eligibility criteria from a random selection of 300 studies.
The model was populated using the results of the processing steps described in the previous section. Firstly we split the sentences, next we recognized corresponding patterns and the semantic entities mentioned. For the purpose of simplicity we took into account only those criteria that match a single pattern.
Each pattern has labelled arguments in order to facilitate the task and correctly associate recognized entities. For example a pattern 'No prior () within () except for ()' has labelled its 3 arguments as: main argument, end time constraint, and exception, which after detection were saved as values of corresponding object or data properties. Finally, we compared corresponding criteria.
Modeling criteria in a way that a DL reasoner could infer relations be-tween concrete criteria would be hard, or even impossible for complex criteria. Therefore, we defined an external comparator, which uses the OWL API to process the criteria and infer relations between them based on properties values. The results were saved as RDF triples using the OWL API [16] . The resulting library can be queried using SPARQL 3 , example scenarios are presented in section 3.2, some corresponding queries are listed in Appendix B.
Visualization
A more intuitive way to support the comparison of trials and reuse of criteria, is to present its content graphically. We visualized the contents of the created library of eligibility criteria using the Data-Driven Documents (D3) library 4 [17] . The D3 approach to visualization allows to bind data to a Document Object Model and then apply data-driven transformations to the document using JavaScript. Our visualization uses standard SPARQL queries against our library to build graphs that can be rendered using a force-directed positioning algorithm. We use it to demonstrate the relations between various clinical trials, criteria and concepts.
Analyzing the Results

MetaMap
We evaluated the performance of MetaMap based on the annotations of 50 randomly selected eligibility criteria from the initial corpus of breast cancer trials. We compared automatic annotations with a gold standard prepared by our domain expert. We calculated precision and recall of annotations of selected semantic types. We took into account only those mapping candidates that scored highest according to the MetaMap evaluation metrics.
Precision of Criteria Comparison
We then evaluated the final step of criteria interpretation -the correctness of the automatically identified relations between the criteria. We again selected a random set of 50 pairs and manually verified whether the program correctly determined the isMoreStrict/isMoreRelaxed relations between them. This way we implicitly evaluated all consecutive processing steps: detection of patterns, detection of concepts and measurement, comparison of criteria and population of the library. We focused on the evaluation of the precision of the method. Evaluation of recall would require a larger baseline specified by domain experts.
Feasibility of the Approach to Criteria Relaxation
Finally, we performed a feasibility study of our approach to criteria relaxation with a medical expert, a Trial Physician Assistant from Maastro Radiology Clinic 5 We asked him to theoretically analyze suggestions for relaxation of criteria from existing clinical trials. We asked him to judge whether replacing original criteria with a suggested relaxation and consequently enrolling a broader set of participants would allow to address the same hypothesis or, in contrary, would interfere with the objective of a study. Every case required a thorough analysis of a trial description, its goal, settings and an overall set of criteria, based on the information provided on ClinicalTrials.gov. Due to the time limits, we were able to assess only a set of 20 potential relaxations. Nevertheless this limited number should be sufficient to verify a feasibility of the approach. A larger study will be performed in future work to gain deeper insights into the problem. Among the evaluated suggestions were relaxations based on different rules: criteria having the same main subject, same pattern and having different value or temporal thresholds, or having the same subject and corresponding to different but related patterns. Since we wanted to test only the Figure 5 : Evaluation of the approach to criteria relaxation with a domain expert feasibility of the approach from a medical perspective; in case of missing automatically detected examples of such relations we manually searched for the examples based on the patterns we detected. Each pair of eligibility criteria was considered by the expert individually. An example scenario is presented in the screenshot in Figure 5 . In this case the expert was asked to evaluate whether a criterion "No prior cancer" could be replaced by the criterion "No prior cancer except for basal cell carcinoma or carcinoma in situ". The expert evaluated the relevance of each relaxation suggestion taking into account the description of the trials corresponding to the selected criteria. Our aim was to verify the feasibility of the approach, medical relevance of the suggestions provided by the program. 
Results
Characteristics of the library
This section describes the final result of populating the library. The contents of the generated library is quantitatively characterized in Table 2 . The library contains 1773 distinct structured eligibility criteria out of 10067 used in the experiment, which come from 268 different clinical trials out of all 300 processed. An example of a structured criterion "At least 4 weeks since prior immunotherapy" is presented in Figure 6 .
As expected, the full automation of the method came at the expense of recall. The low recall is partly caused by the fact that our method takes into account only criteria that match a single pattern, while many of them are more complex. The main challenge in future work will be to correctly identify relations between multiple recognized patterns in a sentence i.e. conjunction, disjunction, nesting. Another reason of low recall is that we filter out criteria which matched a pattern, but where the MetaMap annotator not return any resulting mappings to concepts from medical vocabularies or ontologies. As for the ontology concepts we identified, 1241 UMLS concepts were recognized that belong to 91 different semantic types, and are defined in 46 ontologies covered by UMLS. With respect to the result of criteria comparison, in total the algorithm identified 289 cases of eligibility criteria that could be potentially relaxed by one of the other conditions included in the library. This accounts for 16% of the entire number of formalized criteria. Table  3 characterizes the type of formalized criteria, by giving number of criteria belonging to a few major classes. One of our goals was to enable a comparison of population under study in different trials. In Figure7 we present an example of analysis of correlated criteria, in this case related to time constraints on chemotherapy. The first graph presents a distribution of required weeks that should elapse since the last treatment. The most common value is 4, no trial from our set enrolls patients who had the treatment within the last two weeks. The next graph presents another view on the same data, namely the number of trials for which a patient would be eligible depending on the time of his last chemotherapy. The generated library allows to perform such analysis for various types of criteria. The details on querying its content follow in the next section.
Querying the Library
The following scenarios show how the library of criteria can enhance the reuse of formalized criteria by trial designers. Modeling the contents of eligibility criteria enables us to browse the library using fine-grained queries. Some examples can be found in Appendix B. These queries correspond to the properties of patterns and instantiating concepts. The library content can be browsed to find e.g.:
1. All criteria that mention a specific concept e.g. 'Tamoxifen' 2. All criteria that mention a specific concept in a particular context. From the above given relaxation examples, the first and the second case were identified as a result of comparing criteria that correspond to the same pattern, same subject and different value thresholds (see section 2.1.2). Criterion: "Creatinine < 1.2 mg/dL" was classified by our algorithm to be more strict than criteria with the following thresholds: 1.3, 1.8, 2.2 and 2.5. With respect to second example, it is worth noting that normalizing representations of measurements, enabled the comparison of constraints originally represented using different units (months and weeks) as both thresholds were converted to seconds. Suggesting a threshold that was used by another medical expert should be more relevant than suggesting any arbitrary lower value. In the third case ("No prior endocrine therapy"), finding this potential relaxation was possible because of comparing the normalized representation, i.e. endocrine and hormonal therapy are synonyms, have the same UMLS identifier. The consequence of using this relaxation would be inclusion of patients that obtained such treatment for another purpose than breast cancer.
The last example ("No prior malignancy") represents a case of finding a relaxation ("No other malignancy within the past 5 years except nonmelanomatous skin cancer or excised carcinoma in situ of the cervix") based on comparison of criteria that correspond to different patterns but have the same subject ("malignancy"). The second criterion has additionally defined temporal constraint and an exception. This alternative criterion considers eligible patients who had malignancy more than 5 years ago, or patients with its specific type i.e. nonmelanomatous skin cancer or excised carcinoma in situ of the cervix. There is a significant need for providing meaningful suggestions. This is illustrated by the fact that searching for the subtypes of malignant disorder only in SNOMED CT, which is one of many ontologies covered by UMLS, returns 48 hits. Proposing those that were used in other eligibility criteria is a way of implicit incorporation of domain knowledge. The medical relevance of such suggestions is partly evaluated in the next section.
The library can be downloaded from Figshare 6 .
Visualization
Apart from finding relevant criteria, the model enables us to track their provenance -find the trials where they are mentioned -and browse other criteria that these trials specify. Our visualization allows a user to (1) explore the concepts and criteria occurring in a trial and (2) search for related eligibility criteria.It is available online and can be accessed at http: //eligibility.hoekstra.ops.few.vu.nl. Figure 8 presents a selected trial (NCT00002772 -a red node in the middle), the formalized criteria from that trial (blue nodes), and concepts in corresponding eligibility criteria (green nodes), as well as other criteria and trials, where these concepts occur. Hovering over the criteria nodes displays their text. The size of concept nodes increases with the number of occurrences, exposing most frequently mentioned concepts, in this case: "Platelet count measurement", "Breast" and "Radiotherapeutic".
The next type of visualization presents more strict or relaxed eligibility criteria in relation to a criterion selected from the library. It also shows the trials where they are defined. Figure 9 shows criteria that put various temporal constraints on prior hormonal therapy.
The visualization is highly interactive as it allows switching between views by clicking on trials and concepts. This enhances the exploration of the library content.
Evaluation results
This section presents an evaluation of MetaMap performance, precision of detected relations between the criteria and an analysis of the feasibility of our approach to criteria relaxation from a medical perspective. The program obtains a relatively high precision of 0.78 and a lower recall of 0.56. The precision is obviously higher (0.88) for concepts mapped with the maximal score according to the MetaMap metrics, which justifies our choice of populating the library only with such concepts.
With respect to recall, an example of a problematic case is criterion "Stage I or II bladder, colorectal, head and neck, lung, or other cancer", where the only recognized neoplastic concept is cancer.
The program performs better when processing simple criteria. In the case of precision the difference is then very small, whereas in case of recall it is significant (0.66 vs 0.51).
Precision of the Relaxation Algorithm
In the majority of cases the program has correctly determined relations between the criteria. Out of 50 considered pairs, 47 (94%) were correctly related. It means that all consecutive step i.e. detection of patterns, concepts by MetaMap, measurements by GATE and relations by the comparator were successful in 94% of cases. This difference of precision compared to concept detection (0.94 vs 0.78 on average) is not surprising because of the filtering strategy applied: we populated the library only with criteria mapped to one pattern and concepts with the maximal score according to the MetaMap metrics. Moreover, MetaMap was used only to annotate pattern variables, not entire criteria, which allowed to focus the mapping. The three mistakes were caused by the incorrect detection of a pattern (1), and missed ontology concepts (2). Table 5 presents the preliminary results of evaluation of the approach to criteria relaxation, performed with a domain expert, who was asked to judge the relevance of 20 suggestions of criteria relaxation, i.e. whether applying them would preserve the original intention of a trial. Out of the 20 suggestions we presented to the medical expert, 6 (30%) were accepted, and judged that they could potentially be broadened in a proposed way. Four of them were related to the thresholds of lab values: e.g. "Absolute Neutrophil Count At Least 1,700/Mm3" could be considered to be replaced by "Absolute Neutrophil Count At Least 1,500/Mm3". The additional two relevant cases mentioned exceptions i.e. "No other prior malignancy" could be potentially replaced by "No prior malignancy other than curatively treated carcinoma in situ of the cervix or skin cancer" and "No prior radiotherapy" could be potentially replaced by "No radiotherapy within the past 4 weeks, except if to a nontarget lesion only", if it doesn't conflict with the purpose of the study.
Analysis of the Relaxation Approach
Among the remaining cases, four required additional information about the protocol to make the judgement. Three of them contained temporal thresholds for prior treatments, one contained the lab value threshold. Of the remaining cases (55%), all but one were deemed correct relaxations, but they were not applicable in the context of the considered studies, as applying them would likely interfere with the trial intention.
This experiment confirms that some of the presented suggestions could be relevant from the medical perspective. It also gave us insight into the problem, namely that in order to improve the meaningfulness of the suggestions, the program should take into account the broader context: the purpose and objective of a study, the chosen investigational drugs, treatments, etc.
Discussion and Future Work
The comparison of the contents of our library (Table 2 ) with the manual analysis of random criteria described in [13] can reveal possibilities for future improvements. For instance, in our library, complex criteria constitute 29% of all criteria, whereas according to the cited analysis, in a random set of 100 criteria 85% are complex. 53% of the criteria contain a Boolean connector, 35% are composed of 2 or more complex patterns. These statistics explain the low coverage of our method, which can only process criteria that match a single pattern. A challenging task for further steps is to improve the scope of the library. The first straightforward way is to increase the number of clinical trials used for populating it. Another more interesting line is to extend the method of criteria formalization, i.e. to increase the variety of criteria that are covered.
Future work should explore methods that enable interpretation of criteria that match more than one pattern. For instance, it could be very interesting to apply the method for criteria structuring described in [18] to decompose complex criteria into simpler phrases that could be mapped to one of our patterns.
Another important step will be to enable a holistic comparison of population under study in different trials based on a complete set of parsed criteria. So far it was performed only at criteria level. Such a comparison would allow us to perform meta analysis of clinical trials, identify understudied populations or draw conclusion about generalizability of findings. It would be also beneficial to add an interactive visualization of detailed comparison results, as demonstrated on the example of criteria related to chemotherapy in Figure  7 .
So far the analysis of the medical relevance of the approach to criteria relaxation was performed with one medical expert. The initial results are promising, but it would be useful to perform evaluation at a larger scale with experts from differing medical disciplines to obtain statistically relevant results. This would allow us to elicit more domain knowledge and formulate rules when to propose a relaxation suggestion: which suggestions would not interfere with scientific objectives and patient safety, how to score the candidates, and what type of design support would be most beneficial.
Once the criteria from a library are mapped to database queries and linked to a hospital database (EHR), the evaluation of patient eligibility can be automated to a large extent. Moreover, we could address 'trial feasibility''with the use of historical patient data. Namely, given the translation of criteria to database queries, we could provide realtime feedback about the consequence of modifying a given criterion in a certain way on the number of potentially eligible patients.
Related work
There are several repositories that contain large corpuses of clinical trial data. The largest one is the already mentioned ClinialTrials.gov service, at the date of access it contained 125, 301 trials. Its search engine allows browsing the contents by specifying detailed trial data such as phase of a trial, conditions being studied, type of intervention used, required gender, age group, study design, number of enrolled participants and others. However, besides age and gender other eligibility criteria are not structured, therefore detailed search with respect to criteria is not possible. Another rich source of clinical trial data is provided by the LinkedCT project, which publishes clinical trial data as RDF, according to the principles of Linked Data, enriched with links to other sources. This data source has the same limitation; namely eligibility criteria are represented as free text.
Many studies have focused on the problem of formalizing eligibility criteria and clinical trial matching.The informative analysis of eligibility criteria is presented in [13] . It was followed by the recently published [18, 19] , which focus on structuring eligibility criteria. The first describes the adaptation of methods to transform criteria into semantic dependency trees and extraction of subtrees. The subtrees were further analyzed to detect frequently occurring patterns of semantic relations. The second approaches the representation of temporal constraints. These approaches differ from ours in the methods applied to detect specific information from criteria text.
There are several languages which could be applied for expressing eligibility criteria e.g. Arden syntax [20] , Gello [21] , ERGO [22] and others. Weng et al [23] present a rich overview of existing options. SemanticCT [24] allows the formalization of eligibility criteria using Prolog rules. For our application we require the application of ontologies and semantic reasoning, which determines the need of expressing eligibility criteria as semantic queries, rather than using any of mentioned languages.
No complete solution to the problem of the automatic formalization of free text of criteria has been published. A considerable amount of work in that area is described in [25] , where the authors describe their approach to semi-automatic transformation of free text of criteria into queries. It is based on manual preprocessing steps and further, automatic annotation of text with the elements of ERGO, which is a frame-based language. The authors describe how the results can be used to create the library of conditions, organized as a hierarchy of Description Logics expressions, generated from ERGO annotations. They also note that creating such library could help creating criteria more clearly and uniformly. Because of the required manual steps the method cannot be directly reused.
With respect to applications that mine the contents of eligibility criteria for other purpose than recruitment, the authors of [26] describe an interesting use case of processing criteria of a corpus of various trials to detect disease relatedness. This was achieved by clustering UMLS concepts found in extracted from criteria n-grams.
The general task of supporting design of clinical trials has not been broadly addressed in the literature. The system Design-a-trial [27] provides support for design of statistical measurements, i.e. suggesting minimal number of participants and kind of statistical test, ethical issues (e.g. choosing a drug with the least side effects) and preparing required documentation. It does not provide the support for designing eligibility criteria.
[6] addresses the problem of relaxing eligibility criteria from the medical perspective. He indicates the consequences of over restrictive criteria, and proposes conditions that criteria should meet to in order to be included: the condition should be absolutely required either for the scientific inference or patient safety, it should be unambiguous and an actual eligibility criterion (e.g. not a legal or regulatory requirement).
Conclusions
This paper presents a study we conducted with the aim to support trial analysis, design and patient recruitment by enhancing the reuse of structured eligibility criteria. We described our method for automatic formalization of eligibility criteria and showed how it enhances the comparison of eligibility criteria restrictiveness.
Using our method we processed eligibility criteria from 300 clinical trials, and created a library of structured conditions. The method for criteria struc-turing processes only certain types of criteria, which results in low recall of the method -the library covers 18% of encountered inclusion and exclusion criteria and high precision of identified relations between the criteria (94%).
Our study also provides insights in the applicability of MetaMap for concept recognition in eligibility criteria of breast cancer clinical trials. The program obtains relatively high precision of concepts detection (0.78), but lower recall (0.56).
Detailed modeling of criteria allows browsing the contents of a library of eligibility criteria using fine-grained queries. The scenarios of usage that are supported allow searching for eligibility criteria that mention specific data items in particular context, defined by various dimensions (temporal status, time independent status, specification type) and that are broader than a given criterion. Additionally, the visualization of the results allows intuitive navigation of the relations between trials, criteria and concepts. It can expose unknown correlations and may facilitate performing meta research. In this paper we demonstrated two ways to navigate trough this space. We obtained positive initial reactions from the users. In future work we might explore also other visualization approaches.
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